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unique optical properties that include high quantum efficiency, size-dependent emission spanning the 
visible to near-infrared range, and robust photostability. These features, combined with silicon’s high 
earth-abundance and good biocompatibility, make them an attractive option to serve as signal 
transduction elements in bioanalytical sensors. In this study, we combine silicon nanocrystals with a 
sodium-selective ionophore and a charge balancing additive in polymeric nanosensors to create a Silicon 
Nanocrystal NanoSensor (SiNC-NS). The SiNC-NS responded to sodium through a decrease in 
fluorescence intensity without the inclusion of a pH-sensitive absorbing dye which is sometimes included 
in analogous sensors for signal gating, leading to a sensor design with more photostable components. 
The SiNC-NS has a biologically relevant dynamic range of 4 – 277 mM Na+, is selective against 
potentially interfering cations, and its response is reversible between 0 and 2 M Na+ for at least three 
cycles. This work shows the first sodium-responsive silicon nanocrystal-based sensor, the first use of 
silicon nanocrystals in polymeric nanosensors, and demonstrates an intriguing ionophore-mediated 
response in silicon nanocrystals to be explored further in the future. 
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 First Na+-selective silicon nanocrystal-based sensor 
 First use of silicon nanocrystals as optical component in polymeric nanosensors 
 Demonstration of ionophore-induced signal change in silicon nanocrystals 












 Colloidal silicon crystallites in the size range of 1-12 nm, also referred to as “silicon nanocrystals” 
have unique optical properties that include high quantum efficiency, size-dependent emission spanning 
the visible to near-infrared range, and robust photostability. These features, combined with silicon’s 
high earth-abundance and good biocompatibility, make them an attractive option to serve as signal 
transduction elements in bioanalytical sensors. In this study, we combine silicon nanocrystals with a 
sodium-selective ionophore and a charge balancing additive in polymeric nanosensors to create a Silicon 
Nanocrystal NanoSensor (SiNC-NS). The SiNC-NS responded to sodium through a decrease in 
fluorescence intensity without the inclusion of a pH-sensitive absorbing dye which is sometimes 
included in analogous sensors for signal gating, leading to a sensor design with more photostable 
components. The SiNC-NS has a biologically relevant dynamic range of 4 – 277 mM Na+, is selective 
against potentially interfering cations, and its response is reversible between 0 and 2 M Na+ for at least 
three cycles. This work shows the first sodium-responsive silicon nanocrystal-based sensor, the first use 
of silicon nanocrystals in polymeric nanosensors, and demonstrates an intriguing ionophore-mediated 
response in silicon nanocrystals to be explored further in the future.  
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 Silicon is one of the most abundant raw materials on earth, making it a low-cost and readily 
available material for industrial production,[1] and is the backbone of the microelectronics industry.[1, 
2] Bulk silicon is a poor light emitter due to its indirect bandgap; however, research over the last two 
decades has revealed that nanosized crystalline silicon, also referred to as silicon nanodots or silicon 
nanocrystals (SiNC), exhibits interesting structural and surface-dependent optical properties.[1-3] Like 
other semiconductor-based quantum dot compositions such as cadmium chalcogenides (Cd-
chalcogenides), SiNCs have robust photostability[4] and high quantum yields, [5] and their photon 
emission wavelength is tunable from the visible to infrared range by varying particle size.[5] However, 
unlike most semiconducting quantum dots that contain toxic metals such as Cd, SiNCs are understood to 
have good biocompatibility.[6] These unique optical features—combined with their cost advantage, 
resource-abundance, and biocompatibility—have led to interest in utilizing SiNCs in bioimaging and 
biosensing applications. 
 SiNCs as a technological platform are less-developed compared to their Cd-chalcogenide 
counterparts. Si-based nanomaterials are now attracting considerable attention for use as signal 
transducers in fluorescent sensors,[7-9] although the field is still in its early stages. Explosive materials 
such as nitrobenzene (NB), dinitrotoluene (DNT), and trinitrotoluene (TNT) have been shown to quench 
the luminescence of porous silicon through an electron transfer mechanism,[10, 11] leading to SiNC-
based sensor platforms.[12] SiNCs have also shown sensitivities to toxic metal cations [13, 14] 
neurotransmitters,[15] and ethanol.[16] Enzyme-based detection strategies have been used to reach 
glucose[17] and pesticides as detectable analytes with SiNCs.[18] To reach analytes beyond those listed 










 The application of SiNCs as a fluorescent signal transducer in polymeric nanosensors is currently 
unexplored in the literature. Polymeric nanosensors are an advanced type of sensor technology that 
have also attracted recent research attention for biomedical imaging and sensing.[20, 21] In this work, 
we define polymeric nanosensors as any sensor that consists of a hydrophobic, plasticized-polymer core 
surrounded by an amphiphilic lipid-layer (for biocompatibility),[22-24] and where the necessary sensing 
chemicals are loaded into the plasticized polymer core. This allows for the use of different sensing 
schemes to reach a wide variety of analyte targets. Our lab utilizes poly(vinyl) chloride in the nanosensor 
core and our sensors have an average size ranging from ~140 nm to ~200 nm, though other groups 
make similar sensors with different polymers. The polymeric nanosensor platform is versatile and allows 
for non-invasive detection with three-dimensional spatial resolution. Their fluorescent readouts also 
allow for continuous and remote monitoring. This set of attributes makes polymeric nanosensors ideal 
for advanced bio-monitoring applications where other sensor classes fall short.[25] 
 For ion sensing, polymeric nanosensors commonly use an ionophore-based detection 
mechanism. This consists of an ion-binding molecule (“ionophore”) for analyte recognition coupled to a 
pH-responsive fluorescent molecule for signal transduction through maintaining a charge-balance in the 
organic phase. However, the organic fluorophores that are typically used for signal transduction in these 
schemes often have poor photostability and high interference from biological entities. Static 
fluorophores such as quantum dots,[26, 27] carbon dots,[23]  and persistent luminescent strontium 
aluminate particles[28] can also be utilized with a slight variation on this mechanism whereby these 
elements are paired with a non-fluorescent pH-sensitive absorbing dye for signal gating.  
 In this work, we present the first use of SiNCs for signal transduction in ionophore-based 
polymeric nanosensors, and the first report of a Na+-selective SiNC-based sensor in a platform that we 
term Silicon NanoCrystal NanoSensor (SiNC-NS). While Na+-selective sensors are analyzed in this report, 
we present a generalizable, nanosized platform where SiNCs can be used to analyze a range of ion 
targets. We achieved a selective response to Na+ over potentially competing ions without the use of a 
non-fluorescent pH-sensitive dye for signal gating by utilizing SiNCs coupled with a Na+-binding 
ionophore in polymeric nanosensors, a process which is depicted in Fig. 1. We also characterize the 
sensor in terms of response time, dynamic range, reversibility, and stability. 
 
2. Materials and Methods 
 
2.1 Reagents and Materials 
 
Poly(vinyl chloride) (PVC), high molecular weight PVC, bis(2-ethylhexyl) sebacate (BEHS), 
tetrahydrofuran (THF), dichloromethane (DCM), Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, 
Selectophore (NaBARF), 4-(2-hydroxyethyl)pipera- zine-1- ethanesulfonic acid (HEPES), 4-tert-
Butylcalix[4] arene-tetraacetic acid tetraethyl ester (sodium ionophore X (NaI X); SelectophoreTM), 
sodium chloride (NaCl), potassium chloride (KCl), lithium chloride (LiCl), calcium chloride (CaCl2), and 
silicon monoxide (SiO, 325 mesh) were purchased from Sigma Aldrich (St. Louis, MO). 1,2-Disteroyl-sn-
glycero-3-phosphoethanolamine-N- [methoxy(polyethylene glycol)-750] ammonium salt in chloroform 
(PEG-lipid) was purchased from Avanti Polar Lipids (Alabaster, AL). Hydrochloric acid concentrate (HCl; 
10 N, ACS certified), sodium hydroxide concentrate (NaOH; 10 N, ACS certified), and 2-Amino-2-
hydroxymethylpropane-1,3-diol, 2 M solution (TRIS, 2 M) were purchased from Fisher Scientific 
(Waltham, MA). Hydrofluoric acid (HF, aqueous, 48%) was purchased from Acros Organics (Geel, 
Belgium). 1-dodecene (96%) was purchased from Alfa Aesar (Haverhill, MA). Phosphate buffered saline 
(PBS, pH=7.4) was purchased from Life Technologies (Grand Island, NY).  
 











 The SiNCs were synthesized by modifying a procedure reported by Sun et al. [29] Briefly, 4.2 g of 
silicon monoxide was placed in an alumina boat and transferred into a tube furnace. The furnace was 
then purged with forming gas (5 mole % H2, 95 mole % N2) for 2 hours and subsequently heated from 
room temperature to 300 °C at 14 °C/min, and held at 300 °C for 20 minutes. Then, the furnace was 
heated to 600 °C at 14 °C/min and held at 600 °C for 20 minutes. Finally, the furnace was heated to 910 
°C at 14 °C/min and held at 910 °C for 1 hour before turning off the furnace and allowing the furnace to 
cool naturally to room temperature. The entirety of the heating process was performed under a forming 
gas flow of ~1 mL/min. This heating process yields silicon nanocrystals embedded in an amorphous 
silicon oxide matrix. Once cooled to room temperature, the oxide-embedded SiNCs were ground to a 
fine powder with a mortar and pestle, and then transferred to a flask containing glass beads, and shaken 
with a wrist-action shaker overnight. 
To liberate the SiNCs from the oxide matrix, 2.4 g of the powder was etched in the dark for 4 
hours with a mixture of 33 mL HF (48%) and 4.4 mL HCl (32%). Caution! HF is extremely dangerous and 
should only be handled by extensively-trained personnel. After etching, the mixture was centrifuged at 
11000 rpm for 10 minutes, the supernatant was discarded, and the precipitates were washed twice with 
ethanol and once with chloroform with centrifugation and decantation after each solvent addition; each 
washing step used 60 mL of respective solvent and was centrifuged at 11000 rpm for 10 minutes. 
After washing, the SiNCs were then immediately transferred to a round-bottomed three-neck 
flask with 13 mL of 1-dodecene and subject to three freeze-pump-thaw cycles on a Schlenk line under 
flowing N2. The SiNCs were then heated to 190 °C overnight. After the reaction, the SiNCs were cooled 
to room temperature and washed three times by precipitating with methanol, centrifuging at 9000 rpm 
for 5 minutes, decanting the supernatant, and dissolving in toluene. After the last decantation, the SiNCs 
were dissolved in toluene, filtered through a 0.45 µm PTFE filter, and subsequently dried under vacuum 
and kept under nitrogen for characterization. 
 
2.3 SiNC-NS formulation 
 
SiNC-NS were fabricated similar to previously established method for ion-selective 
nanosensors,[30] though with slight variations. Briefly, an optode cocktail was formulated by dissolving 
15 mg PVC and 33 μL BEHS (1:2 by mass) along with 1.5 mg NaIX and 0.5 mg NaIX in THF. 4.4 mg of SiNC 
were then dissolved in DCM. 2 mg PEG-lipid (80 μL of a 25 mg/mL solution in chloroform) was dried and 
resuspended in 5 mL HEPES/TRIS buffer (pH = 7.4) with a probe tip sonicator for 30 s at 20% intensity 
(Branson, Danbury CT). Then, 50 μL of optode cocktail solution and 50 μL of SiNC/DCM solution were 
mixed before immediately injecting into the PBS/PEG-lipid solution while under probe tip sonication (3 
minutes, 20% intensity). The resultant nanosensor solution was filtered with a 0.8 μm syringe filter to 




2.4.1 Silicon nanocrystal characterization 
 
Powder X-ray Diffraction: XRD data were collected with a Bruker D8 Advance diffractometer with a Cu 
Kα radiation source. Data were collected by placing a dry powder of the SiNCs in an acrylic substrate. 
UV-Vis Absorbance: Absorbance data were collected on a PerkinElmer Lambda 750 spectrophotometer. 









Steady State Photoluminescence: PL data were collected on an Ocean Optics JAZ spectrometer. The 
excitation source was a 405 nm LED. The nanocrystals were dissolved in chloroform for PL data 
acquisition. 
Fourier Transform Infrared Spectroscopy: FTIR data were collected with a Nicolet iS5 FTIR spectrometer 
with an iD5 attenuated total reflectance (ATR) accessory.  
Transmission Electron Microscopy: TEM images were recorded using an FEI Tecnai G2-F20 instrument 
operated at 200 kV. The nanocrystals were dissolved in chloroform and deposited onto a 200 mesh 
copper grid coated with amorphous carbon. 
 
2.4.2 SiNC-NS analysis 
 
2.4.2.1 Response time, selectivity, and dose/response analysis 
 
Analyte solutions were prepared at double the test concentration in HEPES/TRIS solution 
(buffered at pH = 7.4). 100 μL of nanosensors and 100 μL of analyte solution were mixed in each well of 
a column in a 96 well plate to obtain the desired analyte concentration. One well in each row contained 
0.1 N HCl and one contained 0.1 N NaOH (to determine the maximum and minimum signal in polymeric 
nanosensors). A Synergy H1 microplate reader (BioTek, Winooski, Vermont, USA) was used to collect 
photoluminescence intensity with an excitation of 390 nm and an emission of 700 nm. Data was 
collected in triplicate for each experiment except for reversibility testing. Data was collected 
immediately after mixing SiNS-NCs with analyte solution and then every minute for 1 hour. 
 The SiNC-NS response was determined using a similar approach to prior work. [23]   Briefly, the 
data was normalized between 10-6 M Na and fully deprotonated (0.1N NaOH), and fit to a four 
parameter logistic response curve, with the key metric being the LogEC50 which is the concentration 
corresponding to half-maximal response. The response range was then defined by the x-axis range when 
a tangent line at LogEC50 deviates less than 5% from the non-linear fit to Na+ response. The SiNC-NS 
selectivity was determined by the Nicolskii-Eisenman model for a fixed interfering ion.[31, 32] The SiNC-
NS response time was determined by first fitting the midpoint of the dynamic range of the Na+ response 
over time to a two-phase decay equation, 
𝑌 =  𝑃𝑙𝑎𝑡𝑒𝑎𝑢 + 𝑆𝑝𝑎𝑛𝐹𝑎𝑠𝑡 ∗ 𝑒(−𝑘𝐹𝑎𝑠𝑡∗𝑋) + 𝑆𝑝𝑎𝑛𝑆𝑙𝑜𝑤 ∗ 𝑒(−𝑘𝑆𝑙𝑜𝑤∗𝑋) 
𝑆𝑝𝑎𝑛𝐹𝑎𝑠𝑡 = (𝑌0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∗ %𝐹𝑎𝑠𝑡 ∗ .01 
𝑆𝑝𝑎𝑛𝑆𝑙𝑜𝑤 = (𝑌0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∗ (100− %𝐹𝑎𝑠𝑡) ∗ .01 
where Y0 is the initial sensor LogEC50, Plateau is the final sensor LogEC50, kFast and kSlow are the rate 
constants of the fast and slow phases in units that are the reciprocal of the X axis units, and %Fast is the 
percent of the Y signal due to the fast phase. The response time was then determined to be the time for 
the curve to decay 90% from the Y0 value to the Plateau value.  
2.4.2.2 pH response 
 
To test the sensor response to pH, a large batch of SiNC-NS were concentrated via centrifugal 
filtration, aliquoted into 8 portions, and resuspended in HEPES/TRIS solutions adjusted to different pH 
levels before fluorescence testing in the manner described above (2.4.2.1 Response time, selectivity, 












Reversibility tested followed a previously established procedure.[23] SiNC-NS were 
concentrated via ultrafiltration (Amicon Ultra – 0.5 mL, 30 K NMWL, Merck Millipore Ltd, Tullagreen, 
Carrigtwohill, Co. Cork, IRL) and sealed in 13 kDa MWCO hollow fiber dialysis tubing (Spectra/Por® In 
Vivo, Spectrum Laboratories Inc., Rancho Dominquez, CA, USA) on the bottom of a 6-well plate (Sterile, 
untreated 6-well microplate, flat bottom, w/ lid, polystyrene, Caplugs Evergreen, Buffalo, NY, USA) using 
underwater epoxy (WaterWeldTM Epoxy Putty, J-B Weld, Atlanta, GA, USA). The sealed SiNC-NS were 
conditioned in 2 mL HEPES/TRIS (pH = 7.4) for 3 hours before initial measurements. After initial 
measurements, the test solutions were alternated between either 2M Na+ and HEPES/TRIS or between 
0.1 N HCl and 0.1 N NaOH, washing 3x with Millipore H20 in between each solution change and 
measuring the sensor signal after 1 hour in each solution. The sensor signal was measured with the 
Synergy H1 used above by first recording photoluminescence intensity over an 11 x 5 area scan with a 
1600 μM x 1600 μM spacing and with a 360 nm excitation and 700 nm emission collection. Raw intensity 
values across from the brightest 5% of pixels in the area scan were then averaged to determine the 




 For stability measurements, SiNC-NS fluorescence dose/response was monitored over 14 days 
(testing occurred on days 1, 2, 3, 7, and 14. Several batches of SiNC-NS were prepared in the manner 
described above (section 2.3 SiNC-NS formulation) and combined. The SiNC-NS were stored in the dark 
at room temperature when not undergoing testing in the manner described above (section 2.4.2.1). A 
Welch’s t-test was applied to test for a significant decrease in the LogEC50 from one test day to the next.  
 
3. Results and Discussion 
 
3.1 SiNC Synthesis and Characterization 
 
Powder X-ray diffraction of the oxide-embedded SiNCs (Fig. 2a) indicate phase-pure SiNCs, with 
a broad feature at ~21.5° 2Theta corresponding to the amorphous silicon oxide matrix. Scherrer analysis 
on the peaks corresponding to the (220) and (311) planes indicate nanocrystal sizes of 3.7 and 4.1 nm, 
respectively. Note that the (111) peak was omitted from this analysis due to the overlap with the 
amorphous feature. FTIR of the dodecene-terminated SiNCs is shown in Fig. 2b. The SiNCs show 
characteristic CHX stretching modes at 2958, 2918, 2849 cm-1, and bending modes at 1458, 1412, 1376 
cm-1. Residual SiHX (where x = 1, 2, or 3) stretching modes from the etching procedure are present with a 
peak at 2083 cm-1. The Si-C bonds corresponding to SiNC passivation have vibrational frequencies at 
1258, 793, and 662 cm-1. Silicon oxide species related to incomplete etching and processing the SiNCs in 
air are present as stretching modes at 1086, 1012, and 793 cm-1. 
The optical properties of the dodecene-terminated SiNCs were characterized using UV-VIS 
absorbance and steady-state photoluminescence (Fig. 2c). The absorbance spectrum shows a nearly 
featureless curve, with a shoulder at ~325 nm (~3.8 eV) that corresponds to the direct →  
transition.[33, 34] The steady-state photoluminescence is centered at 810 nm with a FWHM of 220 nm, 
corresponding to 0.47 eV. According to the effective mass approximation (EMA)—which is known to 
underestimate nanocrystal diameters[5, 35]—a PL peak position of 810 nm implies a SiNC diameter of 
~2.9 nm, which agrees well with the aforementioned XRD Scherrer analysis. Further, TEM of SiNCs (Fig . 
2d), also demonstrate nanocrystals with diameters on the order of 5 nm. These structural and 
vibrational characterizations demonstrate that we have successfully synthesized phase-pure silicon 










may play a role in the SiNC-NS mechanism discussed below. Additionally, the optical characterization of 
the isolated nanocrystals provide a baseline for SiNC-NS characterization. 
 
3.2 SiNC-NS Development and Characterization 
 
 Silicon Nanocrystal Nanosensors (SiNC-NS) were created by combining SiNCs with an ionophore 
(for analyte recognition and selectivity), an additive (for charge balance control), and a polymer, 
plasticizer, and surfactant for the nanosensor structure. Use of a static lumiphore with an ionophore-
based mechanism in polymeric nanosensors normally requires a non-fluorescent pH-sensitive dye for 
signal gating,[23, 26, 28] but we found the SiNC-NS to be responsive to Na+ without this component (Fig. 
3). This indicates that the SiNCs are participating in the sensor mechanism rather than remaining inert, 
potentially through a pH mediated response similar to other nanosensors. Fig. 3a shows the normalized 
fluorescence of the SiNC-NS recorded initially after addition of analyte solutions and then every five 
minutes for 60 minutes total (all intensity data normalized between intensity at 10-6 M Na+ and intensity 
at 0.1 N NaOH). The SiNC-NS increased their raw fluorescence over time in response to 0.1 N HCl and 
decreased their fluorescence in response to a range of Na+ solutions and 0.1 N NaOH (See Fig. S1 for raw 
dose/response curve). Fig. 3b shows the midpoint of the dynamic range of the SiNC-NS (LogEC50) over 
time after analyte addition with a time resolution of one minute. While ionophore-based nanosensors 
normally respond instantaneously to analyte solutions due to their thermodynamic equilibrium-based 
response mechanism[32, 36] and fast kinetic steps due to their small size,[37] SiNC-NS responded to Na+ 
with a “fast” component and a “slow” component on a time scale of roughly one hour (T90 = 77 minutes, 
Fig. 3b). This slower response time further indicates a slower kinetic step in the response for the SiNC-NS 
than comparable ionophore-based nanosensors in this class. To account for the response time, in all 
subsequent data analysis the sensor response was measured one hour after combining with analyte 
solutions.  
The dynamic range and selectivity of the SiNC-NS were analyzed by measuring the sensor 
response to Na+ and potentially interfering cations over a wide concentration range. The sensors have a 
dynamic range of 4 mM to 277 mM (Fig. 4a), bracketing the physiologic range expected in blood (135 -
145 mM). The response midpoint is 52 mM (LogEC50 of -1.28), which aligns with our recent report of an 
ionophore-mediated sodium sensor.[28] The sensors have selectivity coefficients of -1.6, -2.2 over the 
potentially interfering cations K+ and Li+, similar to other sensor devices made with the same 
ionophore.[26, 28, 38] A nonlinear regression of the Ca2+ response failed to converge due to the minimal 
response at higher Ca2+ concentrations. As a control experiment, the Na+-selective ionophore was 
removed from the sensor formulation and the responses to Na+ and K+ were measured. As expected 
with removal of the selective agent, the sensors are no longer selective for Na+ over K+, as shown in Fig. 
4b. This indicates that the SiNCs do not have a direct response to the sample Na+ concentration and that 
the sensor mechanism and selectivity are mediated by the ionophore.  
To probe a potentially pH-mediated response mechanism further, we tested the fluorescence 
intensity of the SiNC-NS when exposed to varying pH. Fig. 5a shows the raw fluorescence of the SiNC-NS 
in different pH solutions. In addition to a large immediate response to changes in pH, there was also a 
slower response to intermediate pH values (8-11). The fluorescence of the SiNC-NS one hour after 
addition of pH solutions was plotted against pH in Fig. 5b, showing the SiNC-NS to be responsive to pH 
over a wide range. Importantly, this pH is the solution pH rather than the effective pH inside the organic 
phase of the nanoparticle, which is drastically different from the external solution pH.[39] Similar to 









membrane can be orders of magnitude away from solution pH, but due to the proton exchange 
equilibrium the effective pKa of the nanosensor encapsulated group can be shifted.[39] The clear 
responsiveness to pH when encapsulated inside nanosensors indicates that the SiNCs may function 
similar to the chromoionophores used in typical ionophore-based formulations rather than static 
fluorophores such as carbon dots[23] or upconversion luminescence dyes.[40] The “fast” and “slow” 
nature of the SiNC-NS response to pH notably also is seen in the SiNC-NS response to Na+ (Fig. 3a), 
indicating that the sensor mechanism is likely pH-mediated in addition to being ionophore-mediated, as 
described above.  
Fig. 6 shows the reversibility of the SiNC-NS between HEPES/TRIS buffer (pH = 7.4) and 2 M Na+ 
while Fig. S2 shows the reversibility of the SiNC-NS between 0.1 N HCl and 0.1 N NaOH. SiNC-NS were 
sealed in a microdialysis tube with 13 kDa cutoff and adhered to the bottom of a well so that when 
analyte solutions are flowed over the sample, the solutions can be exchanged while SiNC-NS are 
retained within the tube.[23, 24] As expected, SiNC-NS consistently lose and recover their fluorescence 
between exposure to HEPES/TRIS and 2 M Na+. This indicates that the SiNC interaction with Na+ is 
reversible. The variability of the sensor signal between different cycles of HEPES/TRIS is likely due to 
sensor migration within the microdialysis tube, which we commonly observe when using this method for 
nanosensor reversibility testing.[23, 40] Notably, there is no overall diminishing trend between cycles of 
HEPES/TRIS, indicating that the process is reversible and that no permanent change is affecting the SiNC. 
However, when cycling between strong acid and base conditions (0.1 N HCl and 0.1 N NaOH, Fig. S2), the 
sensors gradually lost their ability to recover fluorescence in the 0.1 N HCl condition. This indicates that 
the nanosensor-encapsulated SiNCs are not protected to reaction with NaOH (e.g. Si + 4NaOH  
Na4SiO4+2H2).[41] 
Finally, we examined the long-term stability of the SiNC-NS, as shown in Fig. 7. The SiNC-NS 
response to Na+ changed in two ways over time. First, the response slowly shifts towards higher 
concentrations. A Welch’s t-test concluded that a significant decrease in the LogEC50 occurred between 
days 1 and 2, days 3 and 7, and days 7 and 14. The shift of the response towards higher concentrations 
over time moves the dose/response curve from the baseline normalized response (Fig. 7a) to that of the 
ionophore free control (Fig. 3b), and is indicative of ionophore slowly leaching from the sensor core. 
However, in analogous organic dye-based sensors, the response is typically stable over 1-2 weeks,[23] 
and swapping organic fluorophores for SiNC is unlikely to cause ionophore leaching. However, loss of 
ionophore fits with the trend seen in the data and should be investigated more in future experiments. 
The second change is a variability in absolute fluorescence intensity at low Na+ concentrations (Fig. S3), 
indicating a change in the baseline fluorescence of the silicon nanocrystals. While they are stable in 
typical solvents[42], this is potentially an artifact of their inclusion in the environment inside the 
nanosensors. Also, during nanosensor synthesis, the SiNCs are dissolved in tetrahydrofuran which is 
known to passivate their fluorescence. The recovery in fluorescence seen over time is potentially a 
recovery from this passivation, since tetrahydrofuran is expected to evaporate later during synthesis. 
While it seems unlikely that changes in the SiNC are responsible for the shift in SiNC-NS response toward 
higher concentration described above, little is known about SiNC stability in the plasticized polymer 




The SiNC-NS presented here is comparable to most other ionophore-mediated fluorescence 
sensors in the literature for most analytical features. Swapping SiNC for standard organic fluorophores 
has no effect on the size or biocompatibility of the sensor. The dynamic range of the sensor,  4 mM to 










physiologically relevant range of Na+ (135 - 145 mM). The selectivity of the SiNC-NS is also in line with 
most reports,[26, 28, 38] though there are now some strategies that lead to notably improved 
selectivity.[43] The SiNC-NS also shows satisfactory reversibility in normal operating conditions, though 
extreme pH environments irreversibly affects the SiNC. The SiNC-NS is notably slow compared to other 
sensors in its class, and improvement will be the focus of future work. The strength of the SiNC-NS 
compared to others in the class comes from the unique and optimal features of the SiNC. SiNC have high 
photostability and brightness comparable to carbon dots and quantum dots, without the toxicity issues 
of quantum dots. The SiNC-NS platform also does not require a pH-sensitive absorbing dye, unlike 
similar sensors that use carbon dots, quantum dots, or phosphorescent microparticles, improving the 
overall photostability of the system. In addition, SiNC have size-controllable emission in the visible to 
near-IR range, a powerful tool that can be used to create application-optimized sensors through both 
minimized background interference and minimized overlap with radiometric dyes. For more 
comparisons of the analytical response between this work and other sodium sensors, see Table S1 in the 
supplementary material.  
The data presented in this paper allows us to develop an informed theory on the sensor 
response mechanism. It is clear from the data presented in Fig. 4 that the mechanism is ionophore 
mediated. It is also clear from Fig. 7 that the SiNC-NS is responsive to pH. The evidence suggests that the 
SiNC-NS may be responding to a pH change in the nanosensor core triggered by the event of Na+ 
extraction by the ionophore into the nanosensor core, similar to the way that ionophore-based optical 
sensors operate when organic fluorophores are used for signal transduction. However, unlike with 
organic fluorophores, in both the response to Na+ shown in Fig. 3a and the response to pH in Fig. 7, 
there appear to be “fast” and “slow” components. It is well-understood that luminescence-quenching 
defects are introduced to SiNCs by removing hydrogen atoms from the surfaces; in aqueous 
environments, studies have shown a loss of hydrogen termination and concomitant reduction in 
photoluminescence in alkaline aqueous environments [44-46]. This change in photoluminescence 
intensity is reversible, and can be regained by passivating the surface with hydrogen, which is known to 
happen to Si NCs in acidic aqueous environments [44]. The “fast” and “slow” responses may be due to 
the fact that alkyl-terminated Si NC surface sites are only partially occupied by alkyl groups, and also 
contains Si-H, Si-H2, and SiH3 groups [47] that may possess different reaction kinetics. For example, some 
sites may be more easily accessed, such corner or edge sites on a faceted SiNC; whereas Si-H sites are 
expected to primarily lie on planar facets that may be sterically hindered by alkyl groups attached to 
proximal surface atoms. We cannot exclude the possibility that certain Si-HX sites are more reactive than 
others, nor is there evidence to support this. Given current understanding of the chemistry of the SiNC 
surface, we propose that (in alkaline environments) the patchy alkyl-terminated SiNC surfaces have 
some Si-HX sites that are more readily accessible and quickly dehydrogenated (causing the “fast” 
response), and other sites Si that dehydrogenate slower, most likely  due to steric protection from the 
dodecyl groups. We should note that this mechanism depends on assumptions regarding the pH 
experienced by the SiNC; however, the true pH within the nanosensor is unknown. The mechanism that 
we propose here is consistent with the current understanding of the complex surface chemistry of SiNCs 
and their pH dependent-emission, and accounts for the pH-dependence of the SiNC-NS both with and 
without the ionophore; however, more experiments are necessary to confirm this mechanism and will 
be the focus of future experiments. 
The current shortcomings of the SiNC-NS documented above, such as the fast and slow 
response, degradation in response to strong acid/base solutions, and limited shelf-life are not necessary 
inherent flaws in the platform, and have the potential to be addressed in future studies.  For example, 
SiNC are known to be exceptionally bright, but their total emission is passivated substantially in the 
SiNC-NS formulation due to the use of tetrahydrofuran (data not shown) as a solvent for PVC and BEHS 










replacing tetrahydrofuran with toluene and a compatible polymer/plasticizer combination to 
substantially increase the brightness of the sensor. Future work should also focus on improving upon the 
combined fast and slow response kinetics of the SiNC-NS. If diffusion-limited surface reactions are 
responsible for the sluggish behavior (as we propose), then improvements could be brought about by 
engineering of the SiNC surface. For example, using shorter alkyl-chain surface ligands that pose a lower 
steric barrier, or ligands that are otherwise designed to make the surface more readily accessible may 
offer faster response times. In addition, the response time may be improved by incorporating surface 





In this work, we developed and characterized a silicon nanocrystal nanosensor (SiNC-NS) for Na+ 
detection by replacing the standard organic chromoionophore reporter with fluorescent silicon 
nanocrystals in a typical ionophore-based optical sensor formulation. The SiNC-NS responded to Na+ 
without the inclusion of a non-fluorescent pH-sensitive dye for signal gating, though the Na+-selective 
ionophore was shown to be necessary to impart selectivity to Na+ over competing ions. This work 
therefore shows the first use of SiNCs for signal transduction in polymeric nanosensors and the first 
report of an ionophore-mediated fluorescence response from SiNCs. The nanosensors were able to 
detect changes in Na+ concentration over the typical physiologic range, with a response midpoint of 52 
mM, and a reversible response. With additional development, these SiNC-based nanosensors show 
promise to be a photostable alternative to organic fluorophores for and offer the benefit of fine-tunable 
emission wavelength for cation-responsive polymeric nanosensors  
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Fig. 1.  Scheme depicting sensor components, including silicon nanocrystals (SiNC), Na+ binding ionophore 
(L), and charge balancing additive (R-). As the concentration of Na+ ions increases in the sample, Na+ binds 
to the ionophore (L), inducing a decrease in fluorescence from the SiNC. Na+ binding to the additive also 
causes positive charges (such as H+) to migrate out of the nanosensor core to maintain charge neutrality.  
 
Fig. 2. Structural, optical, and chemical characterization of SiNC. (a) Powder X-ray diffraction of oxide-
embedded SiNCs. The red stick pattern corresponds to bulk silicon. (b) FTIR of dodecene-terminated 
SiNCs; blue labels are to help with peak differentiation. (c) UV-Vis absorbance (black, left axis) and steady-
state photoluminescence (red, right axis) of dodecene-terminated SiNCs in chloroform. (d) TEM of 
dodecene-terminated SiNCs; the top right inset is an HRTEM image and the bottom right inset is the FFT 











Fig. 3. Response time of SiNC-NS. (a) Dose/response curves showing the response of SiNC-NS to 0.1 N HCl, 
a range of Na+ concentrations, and 0.1 N NaOH immediately after the initial addition (blue circles, top 
curve) and every five minutes thereafter (n = 3, error bars show the standard deviation for three technical 
replicates). (b) Progression of the midpoint of the response curve (LogEC50) over time after analyte 











Fig. 4. (a) Dose-response curves of SiNC-NS showing the selectivity for Na+ over the potentially interfering 
cations K+, Li+, and Ca2+ (n = 3, error bars show standard deviation). (b) SiNC-NS lose their selectivity for 
Na+ over K+ when sodium ionophore is removed from the formulation (n = 3, error bars showing standard 
deviation) indicating that the response of the sensors is ionophore mediated.  Where error bars are not 
shown, the error bars are smaller than the data point.  
 
Fig. 5. (a) SiNC-NS response to pH over time (n = 3, error bars show standard deviation of technical 
replicates). (b) SiNC-NS dose/response curve to pH, one hour after addition of pH solutions. This indicates 
that the sensor mechanism is impacted by pH of the sample solution as expected from a pH mediated 











Fig. 6. Reversibility of the SiNC-NS fluorescence signal between 0 M and 2 M Na+. The sensors were 
alternated between a HEPES/TRIS solution and 2M Na+ for three cycles are were able to recover 
fluorescence after being exposed to Na+ during each cycle. Error bars represent standard deviation of pixel 
intensity.  
 
Fig. 7. Stability Testing. (a) Normalized fluorescence dose/response curves for the SiNC-NS over 14 days. 
(b) Drift of the SiNC-NS LogEC50 over 14 days. **** represents a significant difference in LogEC50 with p < 
0.0001. 
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